High refractive index dispersant of silane coupling agent for nanoparticles were synthesized by thiol-ene reaction of 3-mercaptopropyltrimethoxysilane (MPTMS) and bis-(3-methylphenyl)fluorene allyl ether (BCF-allyl) . Zirconia nanoparticle dispersions were prepared by a bead milling process using this dispersant. Thus obtained zirconia nanoparticle dispersions show good dispersibility in MEK. Bis-phenoxyethanolfluorene diacrylate (BPEFA) and the zirconia nanoparticle dispersion formed homogenous mixtures in a wide variety of component ratio, and these coated thin films were photo-cured by UV irradiation with a photo-radical initiator. These hybrid thin films with zirconia nanoparticles indicated high refractive index and good transparency even at high particulate concentration.
Introduction
High refractive index is one of important properties for opto-electronics devices such as flat panel displays, touch panels, solar cell, and so on. These functions are expected to provide a power saving and improved visibility with optical adjustment. For example, anti-reflection films are one of the most useful applications for optodevices using controlled refractive index. In order to produce high refractive index materials, there are some well-known procedures, which are the introduction of 1) aromatic compounds, 2) halogen elements except fluorine, 3) sulfur element, and 4) metal oxides such as TiO 2 and ZrO 2 . In the case of introducing metal oxides to polymer matrix, organic-inorganic hybrids are useful technique for providinghigh performance thin films. High refractive index organic-inorganic hybrids containing TiO 2 nanoparticles have been studied strenuously so far [1] [2] [3] [4] . On the other, bisphenylfluorene derivatives are unique organic compounds of high refractive index (>1.6), which two phenyl groups bonded at 9-position of aromatic fluorene. Therefore, organic-inorganic hybrids of bis-phenylfluorene and metal oxides are attractive combinations for providing higher refractive index. We have already reported the preparation of high refractive index hybrid materials by photo-copolymerization of bisphenoxyethanolfluorene diacrylate (BPEFA) and photo-curable titania-silica sol [5] . Furthermore, hybrid materials were prepared by the simultaneous cationic polymerization and sol-gel reaction of bisphenoxyethanolfluorene diglycidylether (BPEFG) and titanium butoxide [6] . These materials containing bis-phenylfluorene have interesting functions in comparison to aliphatic components.
In terms of high refractive index, zirconia organic polymer hybrids are also important optical materials [7] [8] [9] . Although zirconia nanoparticles are possible materials to improve refractive index of polymer matrices, these nanoparticles tend to aggregate in organic polymer. Therefore, the surface treatment by dispersants is essential for dispersing zirconia nanoparticles uniformly into the organic polymer. Optimizing dispersants leads to development of high performance hybrid materials, for example, high refractive index dispersants are advantageous to generating effective nanoparticles. In this work, it was investigated that dispersions of zirconia nanoparticle were prepared by a bead milling process using a silane coupling agents derived from bis-phenylfluorene. High refractive index thin films of organic-inorganic hybrids containing zirconia nanoparticles were prepared by photo radical polymerization with BPEFA.
Experimental 2.1 Preparation of zirconia nanoparticle dispersions
Double stranded silane coupling agent, BSF, containing bis-phenylfluorene was prepared by thiol-ene reaction of bis-(3-methylphenyl)fluorene allyl ether (BCF-allyl) and 3-mercaptopropyltrimethoxysilane (MPTMS). This reaction was proceeded in THF with a photo radical initiator, Irgacure 184 (1-hydroxycyclohexyl phenyl ketone), and the mixture was reacted under UV irradiation (1610 mJ/cm 2 ). Zirconia nanoparticle dispersions were prepared from 10 wt% commercial available zirconia (primary particle size: 10-20 nm) using 3 wt% BSF in MEK by treatment of the bead mill (Kotobuki Industries, UAM-015) for 130 min. Thus obtained zirconia nanoparticle dispersions were abbreviated as ZrO 2 NP/BSF. Particle diameter in the dispersion was measured by a dynamic light scattering (DLS, Microtrac UPA150, Nikkiso).
Preparation of high refractive index hybrids
Polymer hybrids of zirconia nanoparticles are prepared by a photoradical polymerization of BPEFA. The mixture of BPEFA and ZrO 2 NP/BSF on wide composition ratio was coated on a slide glass by using a wire bar coater. After drying at 80℃ for 3 min, these thin films were photocured by UV irradiation. The transmittance and haze of hybrids were measured by UV-Vis spectrophotometer (V-560, JASCO). Refractive index at 633 nm was measured using Reflective Film Thickness Monitor (FE-3000, Otsuka Electronics).
Result and Discussion

Synthesis of novel silane coupling agent
The dispersants are useful substances for surface treatment of zirconia nanoparticles, which inhibits their aggregation. The dispersants are consisted on two components, which were reactive to surface of inorganic oxides and compatible to organic polymers. We have been interested in the novel alkoxy silanes derived from bisphenylfluorene with high refractive index. As bisphenylfluorene has a specific three-dimensional configuration called "cardo structure", the introduction of alkoxy silyl groups to the both terminal side chains could provide unique silane coupling agents. Terminal C=C bonds of BCF-allyl were effectively reacted with MPTMS by thiol-ene reaction, as shown in Scheme 1. After removing THF solvent, a silane coupling agent, BSF, was obtained quantitatively. This chemical structures was confirmed by 1 H-NMR spectra. The refractive index of BSF was 1.57, which is higher than commercial available silane coupling agents.
Zirconia nanoparticles dispersion
Dispersing of zirconia nanoparticles was performed by a bead milling corresponding to the top-down methodology, which is industrially useful process. A bead milling apparatus consists chiefly of a vessel with a cooling jacket and a rotor [10, 11] . Media beads can give some energies such as shear force, friction force, and colliding force, to the aggregated nanoparticles.
MEK slurry of commercial available zirconia nanoparticles (primary particle size: 10-20 nm), BSF, and basic catalysts were fed into the vessel. Then, the circulation operation of slurry to the vessel was done by pumping from the stirred tank. It was confirmed that the white slurry turned to the Scheme 1 492 transparent dispersion. Thus obtained ZrO 2 NP/BSF was stabilized by surface modification with this novel silane coupling agent. Figure 1 shows the external appearance of dispersion, which kept the excellent transparency. And also the 50% cumulative particle size distribution (D 50 ) of ZrO 2 NP/BSF was observed as particle diameters of 14.6 nm by DLS measurement.
Optical properties of the photocured hybrids
In order to prepare optical thin films of high refractive index, a photocuring system followed by wet coating is the most useful and attractive procedure. We have investigated the photo radical polymerization of BPEFA containing ZrO 2 NP/BSF. BPEFA is an unique diacrylate monomer with important optical characteristics of high refractive index and low birefringence by four aromatic rings and their isotropic arrangement. As ZrO 2 NP/BSF has same bis-phenylfluorene moiety at surface of zirconia nanoparticles as BPEFA, it is essential for hybridization due to good dispersion stability and compatibility with BPEFA. The transparent mixture of BPEFA and ZrO 2 NP/BSF could be prepared with a variety of composition ratios. And the high refractive index hybrid thin films could be obtained by photo radical polymerization of BPEFA as shown in Scheme 2.
This hybrid thin film containing 80 wt% zirconia nanoparticles was generated 1.5 μm thickness thin film without cracks. Figure 2 indicated a UV-Vis spectrum of 90 % over transmittance. And also the low value of haze less than 0.3 demonstrated excellent transparency.
The SEM image of photocured hybrid thin film containing 80 wt% zirconia nanoparticles was shown in Figure 3 . This image indicates that the dense zirconia nanoparticles gave the hybrid thin films. However, because this thin film was extremely transparent, it was supposed that these Scheme 2 493 nanoparticles bonded without aggregation.
Polymer hybrid materials containing high refractive index nanoparticles are generally scattered by the large difference of refractive index with polymer matrix. However, in this case, it is considered that transparency was maintained by a high compatibility with BPEFA. The refractive index is estimated to increase linearly by the volume fraction of the nanoparticles and organic polymer. These hybrid thin films exhibited refractive index from 1.62 (BPEFA) to 1.73 (containing 80 wt% zirconia nanoparticles), as shown in Figure 4 . This is practically useful numerical value as high refractive index hybrid thin films. These results were concluded that refractive index could be controlled by the amount of zirconia nanoparticles.
Conclusion
Zirconia nanoparticles could be dispersed in MEK using bead milling with a high refractive index dispersant of double stranded silane coupling agent containing bis-phenylfluorene. This particle size distribution (D 50 ) was 14.6 nm.
Photo radical polymerization of BPEFA with zirconia dispersion generated hybrid thin films, which were high transparency over 90 %. Refractive index of hybrid thin films was controlled by zirconia content, from 1.62 to 1.73.
